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Abstract 


Li, J., Fei, L., Chen, Z., € Sun, X. (March-April, 2017). Particle 
size distribution and settling velocity of sediments in water 
diverted from the Yellow River during border-strip irrigation. 
Water Technology and Sciences (in Spanish), 8(2), 31-41. 


Diversion of river water for irrigation is an important factor 
in sustainable agricultural development in the Yellow River 
basin. This study examines patterns in the advance of 
sediment in irrigation water diverted from the Yellow River 
during border-strip irrigation. An irrigation experiment 
was carried out on a 1.8 m-wide strip and a 2.7 m-wide 
strip of a fruit field in order to observe the advance rate of 
irrigation water, the distribution of settled sediment, and the 
concentration and particle size distribution of sediment in 
the water flow. The settling velocity of sediment particles 
was then calculated using an empirical formula. The 
results show that the irrigation water gradually slowed 
as it advanced along the strip length, and the amounts of 
deposited particles decreased from the top ends of the strips 
to their bottom ends. The decrease was especially sharp on 
the section of each strip between 40 and 120 m from the 
water pipe outlet. Overall, the size of particles carried by the 
irrigation water fell within the range of 0.004 to 0.016 mm, 
with coarse and fine particles making up small proportions 
of the sediment. The concentration of coarse particles was 
higher at the top ends than at the bottom ends, while the 
concentration of fine particles was higher at the bottom ends 
than at the top ends. Water content in the soil at several 
locations varied significantly before and after irrigation, 
and the deposition of sediment was found to exert a great 
influence on the infiltration of irrigation water. The particle 
size distribution of the sediment deposited along the strips 
accords with the law of sedimentation in that coarse particles 
accumulated primarily at the top ends of the strips as a result 
of high settling velocity. Moreover, the results demonstrate 


Resumen 


Li, J., Fei, L., Chen, Z., € Sun, X. (marzo-abril, 2017). Distribución 
del tamaño de partículas y velocidad de sedimentación en el agua 
desviada del río Amarillo para riego por amelgas. Tecnología y 
Ciencias del Agua, 8(2), 31-41. 


La desviación de agua de río para riego es un factor importante en 
el desarrollo agrícola sostenible en la cuenca del río Amarillo. El 
presente estudio examina los patrones de avance de sedimentos en 
el agua de riego desviada del río Amarillo en el riego por amelgas. 
Se llevó a cabo un experimento de riego en una amelga de 1.8 m y 
otra de 2.7 m de ancho en un campo frutal, con el fin de observar 
la tasa de avance del agua de riego, la distribución de sedimentos 
asentados, así como la concentración y distribución del tamaño 
de partículas de sedimento en el flujo de agua. Posteriormente, la 
velocidad de sedimentación de las partículas se calculó mediante una 
fórmula empírica. Los resultados muestran que el agua de riego se 
redujo poco a poco, a medida que avanzaba a lo largo de las amelgas 
y la cantidad de partículas depositadas disminuyó de los extremos 
superiores a los extremos inferiores de estas. La disminución fue 
especialmente marcada en la sección de cada amelga entre 40 y 120 
m de la salida del tubo de agua. En general, el tamaño de partículas 
arrastradas por el agua de riego estuvo dentro del rango de 0.004 a 
0.016 mm. Una pequeña proporción del sedimento estaba formada 
por partículas gruesas y finas. La concentración de partículas gruesas 
fue mayor en los extremos superiores que en los extremos inferiores, 
mientras que la concentración de partículas finas fue mayor en los 
extremos inferiores. El contenido hídrico del suelo en varios lugares 
varió significativamente antes y después del riego, y la deposición 
de sedimentos ejerció una gran influencia sobre la infiltración del 
agua de riego. La granulometría de los sedimentos depositados a lo 
largo de las amelgas concuerda con la ley de sedimentación en que 
las partículas gruesas se acumulan principalmente en los extremos 
superiores de las melgas, como resultado de la alta velocidad de 
sedimentación. Por otra parte, los resultados demuestran que es 
factible simplificar el flujo de agua sobre el campo a canal abierto 
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that it is feasible to simplify the water flow over the field 
to open-channel flow when calculating settling velocity. 
However, the formula for calculating settling velocity needs 
further modification to take into account the influences of 
flume rate and the scouring action of irrigation water on 
the surface sediment deposited on the strips. 


Keywords: Water diverted from the Yellow River, border- 
strip irrigation, sediment, particle size distribution, settling 


velocity. 


Introduction 


The Yellow River, often referred to as China's 
mother river, plays an important role in indus- 
trial and agricultural development throughout 
its drainage basin. The river water has been di- 
verted for irrigation for over 2000 years. Since 
the river has high sediment loads, the issue 
of sediment control necessarily arises when- 
ever Yellow River water diversion (YRWD) 
is discussed (Jiang et al., 2015). Most existing 
research on sediment carried by Yellow River 
water focuses on river regulation works (Hu, 
Cao, Guo, €: Chen, 2008), providing in-depth 
analyses of movement patterns of sediments, 
probability of incipient motion of sediments, 
and the flow velocity for incipient motion 
(Zhang, 2012; Fan, Zhong, £ Wu, 2012; Li, 
Jiang, Zheng, € Zhang, 2012). A primary pur- 
pose of YRWD is to provide farm irrigation 
water, thereby ensuring sustainable agricul- 
tural development in the Yellow River basin 
(Duan, 1997). Given that sediment-laden water 
from the Yellow River is directly channeled to 
fields, many studies have provided insight into 
how to dredge channels and utilize sediments 
(Zhou € Wang, 2010; Wang, Hu and Zhou, 
2010; Wang, Li, £ Wang, 1997). However, little 
research has been done on the diverted river 
water applied to fields. 
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al calcular la velocidad de sedimentación. Sin embargo, la 
fórmula para calcular la velocidad de sedimentación necesita una 
modificación adicional, al tener en cuenta las influencias de la 
tasa de flujo y la acción erosiva del agua de riego en el sedimento 


superficial depositado en las melgas. 


Palabras clave: agua desviada del río Amarillo, riego por 
amelgas, sedimento, distribución de tamaño de partículas, 


velocidad de sedimentación. 


Received: 20/04/2016 
Approved: 11/10/2016 


Diversion of Yellow River water for irriga- 
tion is an important component of YRWD. All 
provinces lying along the Yellow River have 
large areas irrigated by river water, including 
the Hetao, Shizuishan, Zuncun, and Weishan 
irrigation areas that are famous across the 
country. Despite that fact that they have brought 
remarkable agricultural benefits, these irrigation 
projects are beset by problems arising from the 
sediment in the river water. For example, some 
water-saving irrigation techniques such as 
sprinkler irrigation, micro-sprinkler irrigation, 
and drip irrigation require relatively high water 
quality because the irrigation devices are prone 
to blockage. In fact, sprinkler irrigation typically 
requires the sediment concentration in irriga- 
tion water to be lower than 0.2 kg/mY, and the 
criteria for drip and micro-sprinkler irrigation 
are even stricter. These problems require more 
work for the application of water-saving irriga- 
tion techniques in areas irrigated by the Yellow 
River (Shi, Zhang, Huang, € Zhao, 2000). In 
addition, previous research into the movement 
patterns of river sediment in irrigation water 
concentrated on the infiltration of muddy water; 
the findings suggested that higher sediment 
concentrations and smaller particle sizes lead 
to lower infiltration rates (Bie, Cao, £: Chang, 
2015). A study conducted by Fei Liangjun et al. 
(Fei £z Wang, 1998) at the end of the 20th century 
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revealed that, during border-strip irrigation, the 
irrigation method significantly affected the infil- 
tration of muddy irrigation water into the soil. 
Surface irrigation is still the primary irriga- 
tion technique practiced in areas watered by 
the Yellow River. However, few studies have 
looked at the accumulation and distribution of 
sediment on fields during border-strip irriga- 
tion, and even fewer studies have examined 
the mechanisms of incipient motion and de- 
position of sediment on fields. This study was 
conducted to investigate the distribution of 
settled sediment on fields irrigated with water 
diverted from the Yellow River, as well as the 
infiltration of the water into the soil. The settling 
of sediment particles during border-strip irriga- 
tion was analyzed using methods presented in 
related studies. This study is expected to pro- 
vide support for irrigation projects that involve 
diverting water from the Yellow River. 


Materials and methods 
A survey of the study area 


The field experiment presented in this paper 
was carried out in 2015 in the Zuncun irriga- 
tion area, which is located in the Sushui River 
basin within Yuncheng City, Shanxi Province. 
The irrigation area extends 145 km in the east- 


west direction and 30 km in the north-south 
direction. The YRWD project in this area is a 
Type I large-scale hydraulic engineering project 
for flood control, irrigation, and water supply; 
furthermore, it constitutes the largest YRWD 
project in Shanxi Province. This area features 
an irrigation system consisting of pipelines 
and ditches. Irrigation water is diverted from 
the Yellow River via low pressure pipelines and 
then distributed to fields through U-shaped 
concrete ditches. 

The experimental field is located in Chuhou 
Township, Yuncheng City. The soil in the field 
primarily consists of loam and clay, and its 
complete mechanical composition is displayed 
in table 1. The uppermost 1 m of soil has an av- 
erage dry bulk density of 1.4 g/cm* and a field 
capacity of 21.4%. Because the properties of sed- 
iments carried by the Yellow River vary across 
regions and seasons, the water diverted from 
the Yellow River in this study was analyzed to 
determine the composition of the sediment (see 
table 1) prior to the irrigation experiment. 

The experimental field includes a narrow 
strip with dimensions of 1.8 x 300 m and the 
other with dimensions of 2.7 x 300 m. These 
are typical dimensions for the Zuncun irriga- 
tion area. Fruit trees are planted on the borders, 
and the areas between the borders are irrigated 
using the traditional border-strip irrigation 


Table 1. Mechanical composition of the soil. 


Percentages of different particle sizes (%) Name of soil texture 
Soil depth (cm) e 
Clay (< 0.002 mm) | Silt (0.002-0.02 mm) | Sand (0.02-2 mm) (International system) 
0 6.33 34.61 59.06 Sandy loam 

0-10 12.93 44.92 42.15 Loam 

10-20 12.19 43.5 44.31 Loam 
20-30 16.38 42.13 41.49 Loamy clay loam 
30-40 16.04 47.83 36.13 Silty clay loam 
40-50 83.39 16.61 0 Heavy clay 
50-60 29.8 67.72 2.48 Silty clay 

60-70 74.43 A 0 Heavy clay 
70-80 36.06 62.35 1.59 Silty clay 
80-90 81.76 18.24 0 Heavy clay 
90-100 87.2 12.8 0 Heavy clay 
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Table 2. Composition of the sediment in the Yellow River water. 


Median | Average A 
a ; Sediment 
o a particle | particle d 
Percentages of particle size ranges A A concentration 
size size (kg/m) 
(mm) (mm) 
Particle size < < < < < < < 
(mm) 0.125 | 0.062 | 0.031 | 0.016 | 0.008 0.002 | 0.001 
0.009 0.015 1.567 
a 100.0 | 981 | 863 | 682 | 469 136 | 56 
(9) 


technique. Figure 1 illustrates the layout of the 
experimental field. Before the experiment, the 
slope of the field along the strip length was 
measured using a leveling instrument, and the 
average slope was calculated to be 1/1000. 


Experimental methods 


After the preliminary work was complete, water 
diverted from the Yellow River was applied to 
the field on June 19 and July 30, and relevant 
experimental parameters were determined. The 
rate of inflow was measured using a Parshall 
flume. The bottom of the Parshall flume were 
covered with sediments, which was swept by 
a broom, and rinsed off thoroughly with water 
when the irrigation event was done. Specific 
parameters and methods used in the experiment 
are as follows: 


. During the experiment, marker posts were 


set up along the length of the strips at 
intervals of 10 m. The time required for ir- 
rigation water to cover the majority of the 
surface around each post was recorded using 
a stopwatch, in order to determine advance 
time. 


. Monitoring points were designated along 


the length of each strip at intervals of 40 m. 
Three Trime tubes were embedded in the soil 
at each point to monitor variations in soil 
water content within the soil profiles (see 
figure 1). Soil samples were collected two 
days before irrigation, and two days and 
five days after irrigation. Then time- domain 
reflectometry (TDR) was used to determine 
the volumetric water content within the soil 
profiles at the monitoring points at depths 
from 10 to 100 cm. The TDR was calibrated 
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Figure 1. Layout of the experimental field. 
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three times, compared with oven dry method 

for soil water content, during the experimen- 

tal period. Every steps as follow: insert the 

TDR probe and the soil auger into soil and 

let them stay parallel, meanwhile measure 

the TDR and the soil moisture content. And 
choose three different time periods when the 

soil moisture content is different, such as 2 

days before irrigation, 2 days after irrigation, 

15 days after irrigation. The relation curve 

was Obtained between soil moisture content 

and soil depth calibration. 

3. The advance rate and settling speed of sedi- 
ment in the irrigation water were measured 
during and after irrigation. The specific 
procedures are as follows: 

a) Before irrigation, pieces of double-layered 
gauze (10 x 20 cm) were positioned on 
the surface of the strips at intervals of 40 
m along their length. After irrigation, the 
sediment accumulated on the gauze was 
weighed and then taken to the laboratory 
for particle size analysis. 

b) During irrigation, water samples were 
collected at the outlets of the water pipes 
and from locations O m, 40 m, 120 m, 200 
m, and 280 m from the top end of each 
strip. Then the concentration and particle 
size distribution of the sediment in the 
water samples were analyzed. 

c) Two days after irrigation, undisturbed 
soil samples were collected from the 
strips at intervals of 40 m along their 
length, and their dry bulk densities were 
measured. 


Calculation methods 


In existing research, settling velocities of 
sediment particles are typically calculated us- 
ing empirical formulas, and various calculation 
methods are available. Existing comparative 
studies (Fan et al., 2012; Li, He, Zhu, € Huang, 
2014) point out that the formula obtained by 
Weiming Wu (Wu € Wang, 2006) through an 
intensive regression analysis of the settling 
velocity of irregular particles, as well as the 


formula used to calculate the probability of 
incipient motion of sediments are commonly 
used and can produce satisfactory results. The 
calculation and analysis performed in this study 
suggest that introducing a shape factor into 
Wu's formula can yield a universal formula for 
determining settling velocity, but the method 
proposed by Fan, Zhong and Wu (2012) is more 
applicable to the case of sediment in irrigation 
water diverted from the Yellow River. In this 
study, a settling velocity calculation was per- 
formed to verify Fan's method. A comparison of 
the calculation results with the measured data 
suggests that water flow over the strips can be 
simplified to open-channel flow. The relation- 
ship of the settling velocity of particles to the 
Shields number and other parameters can be 
expressed as follows: 


15 
(25+1.24?-5) 
nn >= eq 4) 


where the Shields number is given by O= AhJ/D, 
in which h is water depth, d, = (Ag/v?)'*D, J is 
the slope of water surface, and D represents 
dimensionless particle size. In A = (p_— p)/P, P, 
is the sediment density, p is the fluid density, g 
is gravitational acceleration, and v is the fluid's 
kinematic viscosity. 

The friction velocity of a fluid is normally 
calculated using the equation, U, = /eHj where 
J denotes the hydraulic slope, H is water depth, 
and g is gravitational acceleration (Liu, Li, €z 
Wang, 2005). 


Results and analyses 
Analysis of advance rate of irrigation water 


As figure 3 shows, the advance rate of water 
flow over the field gradually decreased along 
the strip length. The advance rate over the first 
80 m of the narrow strip was significantly higher 
than the rate over the same section of the wide 
strip. The water underwent a rapid increase in 
advance rate as it flowed over the section of the 
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Figure 3. Distribution of advance rate of water along the strip length. 
wide strip between 10 and 20 m, as is evident Distribution of sediment on the strips 
from the high slope on this section of the graph. 
No significant difference in advance rate was As figure 4 shows, the sediment concentration 
found between the wide and narrow strips after in the irrigation water declined as the water 
the water advanced over 200 m. moved forward over the two strips, with the 
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Figure 4. Distribution of sediment concentration along the strip length. 


result that the sediment concentrations were 
significantly higher at the top ends of the strips 
than at the bottom ends. The decrease in sedi- 
ment concentration was sharp over the 0 to 120 
m section of each strip, while it was relatively 
slower over the 120 to 180 m section, indicating 
that the majority of the sediment carried by the 
irrigation water settled at the top ends of the 
strips. This pattern of variation was especially 
marked on the narrow strip, a finding that can 
possibly be attributed to the higher flow rate 
and thus the higher sediment concentration in 
the irrigation water at the top end of the narrow 
strip. 


Particle size distribution of sediment in 
water flow over the strips 


Figures 5 and 6 show that the particle sizes class 
of sediments carried by the irrigation water 
largely fell within the range of 0.004 to 0.016 
mm, while coarse and fine particles accounted 
for only small fractions of the sediments. The 
concentration of coarse particles was higher 
at the top ends of the strips than at the bottom 
ends, while the concentration of fine particles 
was higher at the bottom ends than at the top 
ends. This suggests that coarse particles settled 


out of the fluid earlier than fine particles, with 
the result that the slower-settling fine particles 
advanced further with the water flow. The ir- 
rigation water at the bottom ends contained 
more sediment particles ranging from 0.001 to 
0.008 mm in size than the water at the top ends, 
because parts of the surface sediment that had 
settled on the strips were scoured away by the 
moving water. Further analysis and research 
is needed to find out why particles in this size 
range were mobilized by the water flow. 
Figure 7 shows the variations in soil water 
content before and after irrigation at three 
monitoring points on each strip, located at the 
top end, middle section, and bottom end. Before 
irrigation, the water content in the topsoil was 
about 20%, indicating a need for irrigation. 
Meanwhile, soil deeper than 60 cm varied 
slightly in water content, roughly around 23%. 
On the first and second days after irrigation, the 
topsoil exhibited marked increases in water con- 
tent. At the three monitoring points, the overall 
soil water content on the first day after irriga- 
tion was very close to the water content on the 
second day after irrigation. The topsoil's water 
content increased more than 5% compared to 
the level before irrigation, and the deeper layers 
also demonstrated noticeable increases in water 
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Figure 6. Particle size class distribution of sediment in water flow over the narrow. 


content. Differences were noted between the soil water content in the deep soil layer was slightly 
water contents on the first and second days after higher on the second day after irrigation than on 
irrigation, despite their similar overall trends. the first day; at the top end, however, the topsoil 
For example, in the top and middle sections, the water content on the second day after irrigation 
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Figure 7. Soil water content in different locations before and after irrigation. 
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velocities of particles of different sizes were 
calculated using the formula presented in 
Section of Calculation methods. The settling 
velocity was found to be affected primarily by 
the sediment's density and particle size, water 
temperature, water depth, and strip width. 
The density of the sediment did not change as 
the irrigation water moved forward. After the 
water was channeled to the field, the water 
temperature tended to remain stable, rendering 
its influence on the water flow negligible. The 
water depth and the strip's slope changed a lot 
during the advance of the irrigation water, and 
water depth also affected the friction velocity of 
the flow (U, = /gHj) and the Shields number (O 
= Ah] / D). Water depth in the formula canceled 
out during the formula derivation, implying 
that it has no influence on settling velocity. 
However, the strip's slope varied significantly 
along the strip length and the slope variation 
was closely correlated with the settling veloc- 
ity. Ultimately, particle size was the main factor 
affecting the settling velocity of the sediment 
in the irrigation water: The settling velocity 
decreased as the particle size decreased. 


Conclusions 


During the border-strip irrigation experiment, 
the amounts of settled sediment varied signifi- 
cantly from the top ends of the strips to their 
bottom ends. The amounts of sediment settled 
at the top ends of the wide strip and narrow 
strip were, respectively, 4.2 times and 5.3 times 
the amounts settled on the bottom ends. The 
advance rate of the sediment also changed sig- 
nificantly from the top end to the bottom end 
of each strip, indicating that the advance rate 
was affected not only by the strip's slope, but 
also by the flow rate and infiltration of water 
into the soil. 

The amounts of deposited particles de- 
creased along the strip length from top to bot- 
tom. The decrease was especially marked on 
section of each strip between 40 and 120 m. 

The particle size distribution of the sedi- 
ments deposited along the strips accords with 
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the law of sedimentation; coarse particles ac- 
cumulated primarily at the top ends as a result 
of high settling velocity. The existence of coarse 
particles in the sediment at the bottom ends 
suggests that the advance of irrigation water 
was a relatively complex process associated 
with the scouring action of the water flow on 
the surface particles deposited on the strips. 
Further research is needed to explore this issue. 

It was feasible to represent the water flow 
over the strips as open-channel flow when 
calculating the settling velocity of the sediment 
particles. However, the formula for calculating 
settling velocity requires further modification to 
take into account the influences of flume rate as 
well as the scouring action of the moving water 
on the surface sediment deposited on the strips. 
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